A salient issue facing contemporary urban development in many countries is that the physical areas of major cities are growing at a faster rate than their populations. The popularity of the green belt concept among advocates is that it can effectively counter urban sprawl while safeguarding the countryside from urban development. This paper is intended to measure the efficacy of the green belt in preventing urban sprawl through an international comparative study in three cities of different sizes, and which have experienced different urban growth pressures, namely Frankfurt am Main (Germany), London (UK), and Seoul (South Korea). The study adopts the urban sprawl measurement methodological framework defined by Jaeger et al. to process GHSL data in order to examine the urban sprawl index in the three case study cities. This quantitative evidence-based comparative study demonstrates that the designation of green belts has failed to prevent urban sprawl both within urban centers and at a wider regional level. Keywords: green belt; urban sprawl; weighted urban proliferation; percentage of built-up area; dispersion of settlements; urban permeation units; land uptake per person
Introduction
Discourse on the effectiveness of green belt policies revolves around a key issue facing contemporary urban development in that the physical areas of many major cities are growing more rapidly than their populations. According to the US national census data, the urban population increased by 2.6 times, while urban land area increased by nearly five times from 1950 to 2010 in the USA. Even in Europe, where the compact city concept originates and has been politically promoted for several decades, cities have expanded on average by 78% from the mid-1950s to mid-2000s, whereas their populations have grown by only 33% [1] . The green belt concept has often been lauded as an effective measure against disorganized urban expansion and urban sprawl. William Petty [2] , a widely accepted pioneer of urban sprawl prevention, proposed the green belt idea in line with his concerns regarding the growth of the city of London in the late 19th century. A later influential UK proponent, John Claudius [3] suggested a similar concept of "country zone" with the wish that the metropolis could expand with "perfect safety to the inhabitants, in respect to the supply of provisions, water, and fresh air, and to the removal of filth of every description". When Ebenezer Howard [4] branded the green belt idea associated with his garden city concept into modern urban planning, one of his major concerns was to limit the expansion of the major cities in the UK. In 1928, the American planner green belt efficacy in containing urban growth in a particular socio-economic context. Yet quantitative evidence-based studies from the perspective of an international comparison are still lacking.
Further consideration in the discourse of green belt policy at this juncture is the issue of rapid urbanization in developing countries which is providing further challenges for those charged with land control policies. The population of cities in less developed countries doubled between 1990 and 2015 and their urban extents increased on average by a factor of 3.5 [28] . To this end, international comparative studies on the efficacy of green belt in preventing urban growth crossing a wide spectrum of city sizes are crucial. Some studies have broached this issue but have not explored it in detail. For instance, Bengston and Youn concluded that in comparison to London, Seoul's urban containment policy has largely failed to keep development from invading the Capital Region beyond the green belt. The intense pressure of exceptionally rapid urban growth has been too much to contain [26] .
Against this background, this paper intends to measure the efficacy of the green belt in preventing urban sprawl in different size cities and under different urban growth pressures through an international comparative study. For the purposes of this research, efficacy is defined as the effectiveness achieved by the green belt in preventing urban sprawl as a growth management tool. It intends to address two research questions with evidence-based analysis:
•
Has designation of the green belts as urban growth management tools significantly affected urban sprawl even in strict implementations of the policy? • To what extent have the different urban growth pressures affected the green belt's efficacy in preventing urban sprawl?
The remainder of the paper is structured into four parts as follows. In Section 2, we introduce the reasons for the selection of the three case study cities and the methodological framework of urban sprawl measurement including the definition of key indicators. Section 3 presents a brief review of the site-specific background related to the green belt policy and implementation in each case study city. Section 4 presents the measurement results from the three case study cities and an evidence-based comparative analysis, followed by Section 5 which provides analysis. The last section (Section 5) is our conclusion and summary.
Data and Methodology

Methodological Framework
There are two main criteria for identifying and selecting the comparative study cities: The cities have adopted strict green belt policies to prevent urban sprawl and have implemented those policies over the long term. In order to examine the extent of factors affecting the green belt's efficacy in preventing urban sprawl, cities of different sizes, with different urban growth pressures were required. To this end, the researchers selected three city regions: Frankfurt am Main (Germany), London (UK) and Seoul (South Korea) for an empirical study in real settings to offer insight into differing city scales and variations in historical trends of urban population growth. The commonality of the three case studies is that all three cities have established legal and regulatory framework which provide strongly favorable policy environments that underpin the enforceability of green belts -which is considered a strict application of green belt policy in this research. Frankfurt represents a typical European large city, which had a relatively light population growth from 636,000 at the end of 1975 to 753,000 at the end of 2018 in its municipal administrative area [29] . London represents the European megacities. As early as 1939, the population in London municipality (inner London) had already reached 4.4 million. Afterward, the population steadily declined to 2.5 million in 1988. In recent years the city has witnessed a population growth and 3.5 million inhabited the city in 2016 [30] . Seoul is a representative of a global mega-city with a very high population density. The population in the municipal administrative area of Seoul was 5.6 million in 1970 and continued to increase reaching 9.7 million in 2018 [31] .
This paper adopts the urban sprawl measurement methodological framework defined by Jaeger et al. [32] [33] [34] It is based on the definition that urban sprawl is a visually recognizable phenomenon Sustainability 2020, 12, 679 4 of 13 within the landscape. Greater levels of urban sprawl are evident the more land has been developed by built-up structures, the further the settlement areas are dispersed, and when the utilization density of settlement structures by inhabitants and labor is low (see Figure 1 ). Jaeger et al.'s urban sprawl metric of Weighted Urban Proliferation (WUP) has been adopted by the Swiss Monitoring System of Sustainable Development (MONET) for monitoring the progress of urban sprawl in Switzerland [35] . The measurement concept is based on the calculation and weighted combination of three metric components: (1) The percentage of built-up area (PBA) measures the amount of a certain reporting unit (reference area) with settlement structures and is given as a fraction within the interval (0, 1). Reporting units can be continents, geographical regions, countries, administrative divisions, or any other naturally or artificially limited reference areas. (2) The dispersion of settlements (DIS) describes the scattering or compactness of settlement patches. It is measured in urban permeation units (UPU/m 2 ). (3) The land uptake per person (LUP) is a measure of the efficiency of the usage of built-up areas by humans. By definition, this would include all residents and workplaces. If there is no information on workplaces available, which is often the case for international studies or when employing non-administrative reporting units (e.g., geographical grids), only resident populations can be taken into account (LUPp), resulting in solely a resident-population based urban sprawl calculation (WUPp). by built-up structures, the further the settlement areas are dispersed, and when the utilization density of settlement structures by inhabitants and labor is low (see Figure 1 ). Jaeger et al.'s urban sprawl metric of Weighted Urban Proliferation (WUP) has been adopted by the Swiss Monitoring System of Sustainable Development (MONET) for monitoring the progress of urban sprawl in Switzerland [35] . The measurement concept is based on the calculation and weighted combination of three metric components: (1) The percentage of built-up area (PBA) measures the amount of a certain reporting unit (reference area) with settlement structures and is given as a fraction within the interval (0, 1). Reporting units can be continents, geographical regions, countries, administrative divisions, or any other naturally or artificially limited reference areas. In our study, we could only take the resident population into account for the urban sprawl calculation in addition to the built-up area and its dispersion. Therefore, the land uptake was calculated for inhabitants (LUPp) rather than for the sum of inhabitants and the number of jobs (LUP) resulting in a calculation of weighted urban proliferation solely based on the residents (WUPp). Due to the non-intuitive measurement unit of the metric (UPU/m²), the values of WUPp can be classified into intervals indicating the different levels of urban sprawl: <0.1: Very low, 0.1-0.5: Low, 0.5-1.5: Moderate, 1.5-3.0: High, >3.0: Very high.
Input Data and Data Processing
Settlement data: The main input data for the sprawl metrics calculation is a high-resolution raster dataset of the built-up areas. Pixels indicate the presence of settlement structures. The Global Human Settlement Layer (GHSL) provides multi-temporal worldwide settlement coverage data In our study, we could only take the resident population into account for the urban sprawl calculation in addition to the built-up area and its dispersion. Therefore, the land uptake was calculated for inhabitants (LUPp) rather than for the sum of inhabitants and the number of jobs (LUP) resulting in a calculation of weighted urban proliferation solely based on the residents (WUPp). Due to the non-intuitive measurement unit of the metric (UPU/m 2 ), the values of WUPp can be classified into intervals indicating the different levels of urban sprawl: <0.1: Very low, 0.1-0.5: Low, 0.5-1.5: Moderate, 1.5-3.0: High, >3.0: Very high.
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Settlement data: The main input data for the sprawl metrics calculation is a high-resolution raster dataset of the built-up areas. Pixels indicate the presence of settlement structures. The Global Human Settlement Layer (GHSL) provides multi-temporal worldwide settlement coverage data [36, 37] . It has been derived from satellite imagery archives and provides information on built-up areas for the years 1975, 1990, 2000, and 2014 and on population for the years 1975, 1990, 2000, and 2015 . It provides raster datasets both on built-up areas with 38 m resolution and population grids with 250 m resolution. Therefore, it is an invaluable source for global settlement development research over four decades. The freely available dataset is distributed by the Joint Research Centre (JRC) of the European Commission [36, 37] . For technical details on the dataset refer to [38] . For this study, we focused on the first and last time frames in order to be able to consider as long a period of development as possible. This allowed us to analyze the development for almost 40 years from 1975 to 2014/15.
Boundary datasets: Administrative and coastal boundaries are available in the Database of Global Administrative Boundaries (GADM), which provides geodata for countries and their administrative units for academic and non-commercial use [39] . The data can be downloaded from the project website gadm.org. There was no single data source on the boundaries of the green belts for the study areas. English Local Authority Green Belt datasets are available under the Ordnance Survey Open Data License [40] and could be downloaded as a shapefile from the Open Data portal of the UK Government [41] . For Frankfurt am Main the demarcation of the green belt had to be acquired at the municipal environmental office. The data was only made available free of charge for the purpose of this study with the obligation to delete them after the end of the project. The green belt geometry for Seoul was provided by the authority of the city after request without any usage constraints.
Analysis zones and reference units: For the analysis of the impact of greenbelt on the development of urban sprawl, three zones were defined: (a) The inner-city area refers to the zone which is completely surrounded by the greenbelt but is not in the green belt designation, (b) the green belt area is the designated green belt of status quo, (c) the outer area refers to areas beyond the greenbelt within a certain distance from its borders. Since the green belts do not always form closed boundaries around the cities, with some extending beyond the city areas, in some cases the delineation between "inner-city area" and "outer area" had to be done manually. In the identification of the outer area, we examined the three cities in respect of their regional context in terms of the formally defined metropolitan area, namely the legal administrative area of the Frankfurt/Rhine-Main Metropolitan Region (MetropolG), the Greater London Area and the Seoul Capital Area. Taking these into account, we defined a buffer zone of 40 km around the greenbelt as the maximum range for the outer area. Additionally, the range of the analysis zones was delimited by coastlines in London and Seoul and the national border for the inner-Korean demarcation line. In the case of Seoul, islands within the 40 km zone were included in the analysis. In the case of London, the analysis zone of the outer area was additionally delimited by lines of identical distance to the directly neighbouring green belts of Cambridge and Oxford. Further afield, the green belts of Birmingham, Derby, Nottingham and Bournemouth also had an impact when delimiting the analysis zones. An exception occurred in the municipality of Northampton as only a part of the municipality was included in the analysis zone. Here, we decided to include the entire administrative area into the outer area of London due to its proximity to the London Green Belt.
It should be noted that the green belts of London and Seoul also include neighboring municipalities, i.e., the inner-city areas are formed by both the actual central cities and the neighboring municipalities (see Figure 2 ).
Licence" from the website of the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL, https://www.wsl.ch/en/services-and-products/software-websites-and-apps/urban-sprawlmetrics-usm-toolset.html), we have implemented a processing chain to calculate the SI values globally on the basis of the GHSL settlement layers. Based on this raster dataset along with the population rasters, the sprawl components PBA, DIS, and LUPp could be calculated. Finally, the WUPp values for the inner-city and outer areas of the three cities were derived from these metrics. 
The Green Belts in Frankfurt am Main, London, and Seoul
The Frankfurt Green Belt
The foundations of the Frankfurt Green Belt arose around 1925 for the preservation of the River Nidda and its surrounding areas as a green space between the core city of Frankfurt and the new settlements being promoted by the then director of the city councilor Ernst May and the Director of Agriculture Max Bromme. However, a first draft for the Frankfurt Green Belt wasn't created until 1978 by the architect and urban planner Till Behrens. Later still, the city council decided to undertake "a project year" to define the boundary and objectives of the Frankfurt Green Belt in 1989. This "green belt project year" was conducted as a brainstorming process with contributions from a broad spectrum of stakeholders including politicians, administrators, citizens, and national and international planners. As a result, the Green Belt Act was adopted by the City Council in 1991. This afforded the green belt legal protection against development and prevented any reduction of the allocation. The removal of one or more properties from the area requires a special resolution of the city council. It is only possible if plots of land of the same size and quality are added elsewhere into the green belt. In 1994, the regional council of the federal state Hessen designated the Frankfurt Green Belt as a Landscape Conservation Area [42] . In 2011, on the occasion of the 20th anniversary of the Frankfurt Green Belt Act, a development concept "Blasting and Spokes" was presented to the public. The main objectives were to react to climate change and to regard existing and future open spaces as the most important resource for ensuring a high quality of life. The initial plan was an abstract and non-spatial pictogram that symbolized the networking of the green belt with the city and region- 
Data Processing
The calculation of the sprawl metrics was conducted in a GIS desktop environment by the processing of GHSL datasets. Essentially, the calculation is based on the fact that for each settlement pixel in the GHSL dataset a value is calculated which is based on the accumulation of weighted distance measurements to all other settlement pixels within the defined horizon of perception of 2000 m. The resulting value can be understood as a measure of the effort required to get from one settlement pixel to all other settlement pixels in the vicinity. Compact structures generate lower values than scattered settlement patterns of the same built-up area size since distances needed to be crossed between the individual pixels are smaller. Jaeger et al. [33] provide the formulas and calculation rules for the calculation of these so-called SI values. Using the "Urban Sprawl Metrics (USM) Toolset", which can be downloaded as a freely available tool under the "Creative Commons Licence" from the website of the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL, https://www.wsl.ch/en/ services-and-products/software-websites-and-apps/urban-sprawl-metrics-usm-toolset.html), we have implemented a processing chain to calculate the SI values globally on the basis of the GHSL settlement layers. Based on this raster dataset along with the population rasters, the sprawl components PBA, DIS, and LUPp could be calculated. Finally, the WUPp values for the inner-city and outer areas of the three cities were derived from these metrics.
The Green Belts in Frankfurt am Main, London, and Seoul
The Frankfurt Green Belt
The foundations of the Frankfurt Green Belt arose around 1925 for the preservation of the River Nidda and its surrounding areas as a green space between the core city of Frankfurt and the new settlements being promoted by the then director of the city councilor Ernst May and the Director of Agriculture Max Bromme. However, a first draft for the Frankfurt Green Belt wasn't created until 1978 by the architect and urban planner Till Behrens. Later still, the city council decided to undertake "a project year" to define the boundary and objectives of the Frankfurt Green Belt in 1989. This "green belt project year" was conducted as a brainstorming process with contributions from a broad spectrum of stakeholders including politicians, administrators, citizens, and national and international planners. As a result, the Green Belt Act was adopted by the City Council in 1991. This afforded the green belt legal protection against development and prevented any reduction of the allocation. The removal of one or more properties from the area requires a special resolution of the city council. It is only possible if plots of land of the same size and quality are added elsewhere into the green belt. In 1994, the regional council of the federal state Hessen designated the Frankfurt Green Belt as a Landscape Conservation Area [42] . In 2011, on the occasion of the 20th anniversary of the Frankfurt Green Belt Act, a development concept "Blasting and Spokes" was presented to the public. The main objectives were to react to climate change and to regard existing and future open spaces as the most important resource for ensuring a high quality of life. The initial plan was an abstract and non-spatial pictogram that symbolized the networking of the green belt with the city and region-Blasting to the outside, spokes to the inside [43]. The regional park Rhein-Main, which is related to this project, is a network of park-like or near-natural paths and green spaces in the Rhine-Main area. This network, which has been undergoing gradual expansion since 2011, is intended to connect the near-natural green corridors between the settlements in the region and develop them for leisure purposes [44].
The London Green Belt
The London Green Belt is well documented and was a blueprint for the implementation of similar policies both within the UK and internationally. Its inception perhaps lies during the founding of Letchworth Garden City in 1909, when purchases of agricultural land were made as a buffer between settlements. The original intention was for the green belts to supply agricultural produce for the town and this was later repeated by the London Society which created plans for their own green belts [6] . (pp. 128-130) In 1929, Raymond Unwin, chief planner of the Greater London Regional Planning Committee, proposed a green girdle surrounding London. The implementation was followed by the announcement of a "Green Belt Loans Scheme" in 1935, which allowed local authorities to define the function of the land locally and encourage them to purchase land designated for the green belt with the financial assistance of the London County Council. Since much of the land being designated was outside the City of London's authority, doubts arose about the ability of local authorities to continue to purchase land for green belt and consequently in 1938, the Green Belt (London and Home Counties) Act was issued to give permanent protection to London's green belt land [45] . (p.18). In 1944, a formal definition of the boundary of the green belt around London was given in Patrick Abercrombie's County of London Plan. The Town and Country Planning Act 1947 provided a broader platform for the concept of green belts enabling local authorities throughout the country to designate and protect areas such as the green belt through local development plans, without the need to purchase the land. In the pre-war period there had been much ambiguity regarding the purpose of London's Green Belt and clarification was established by the Ministry of Housing and Local Government Circular 42/55 (1955) outlining three main functions of the London Green Belt: the checking of urban growth, prevention of neighboring settlements merging into one another, and the preservation of the special character of a town. These functions remain at the core of green belt policy although two further purposes were later added: to assist in safeguarding the countryside from encroachment and to assist urban regeneration. The London Green Belt has provided a model for other green belts across the UK and national policy guidance was issued in order to maintain consistency over their designations and functions, first in the form of Planning Policy Guidance Notes (PPG) and later National Planning Policy Framework (NPPF), to which local authorities must take account when preparing local development plans. Although the policy has significantly curbed development within the London Green Belt certain limited developments are usually still permitted if they preserve the character and avoid harming the openness of the Green Belt including buildings for agriculture and forestry, outdoor sport and recreation, mineral and engineering operations and transport infrastructure. Landowners may also replace buildings with those of a similar size and re-use buildings that are considered permanent constructions [46] . 
The Seoul Green Belt
Confronted with a steep increase in population growth during the industrialization period in the 1960s, President Chunghee Park adopted the British Green Belt concept, renaming such areas as Restricted Development Zones which aimed to control urban sprawl and population particularly in the Seoul Capital Area [47] . At a national level, the revision of the Urban Planning Act in 1971 established the legislative foundation for the first designation of Restricted Development Zones in the Seoul Capital Area and 13 other metropolitan/municipal areas [48] . In compliance with the national-level Restricted Development Zone Act (2000), Seoul has developed Management Plans every five years, which report the conditions and utilization of the designated Restricted Development Zone in the Seoul Capital Area and necessary financial measures for their management [49] . Under the provision of the related Enforcement Decree (2000), residents and local councils are empowered to participate in public debate to provide their opinions in the process of revising the plans. A nation-wide debate in the early 2000s about the disadvantages associated with designated Restricted Development Zones has raised awareness for the need to support residents living within the designations, by operating a range of compensation programs, such as the establishment of welfare facilities, creation of resident-led businesses (e.g., eco-villages), as well as improvements of living environments [50] . Figure 3 shows the settlement development in the three case studies from 1975 to 2014 with a concrete indication of the distribution of the built-up growth. According to our approach, the areas relevant for urban sprawl analysis were found in the analysis zones of the following: In Frankfurt am Main, (a) the inner-city area covering 66 km 2 , (b) the green belt area covering 98 km 2, and (c) the outer area covering 7173 km 2 . In London, the three analysis zones were defined as (a) the inner-city area of 1901 km 2 , (b) the green belt area of 5570 km 2 , and (c) the outer area of 13,742 km 2 . In Seoul, the three analysis zones were defined as (a) the inner-city area of 601 km 2 , (b) the green belt area of 1530 km 2 , and (c) the outer area of 10,256 km 2 . However, since development within settlements in the green belt areas has been generally restricted in the three case studies, we only calculated the urban sprawl indexes of (a) the inner-city area and, (c) the outer area respectively in each case study for comparison of the development trend. Table 1 provides an overview of the calculation results. in public debate to provide their opinions in the process of revising the plans. A nation-wide debate in the early 2000s about the disadvantages associated with designated Restricted Development Zones has raised awareness for the need to support residents living within the designations, by operating a range of compensation programs, such as the establishment of welfare facilities, creation of residentled businesses (e.g., eco-villages), as well as improvements of living environments [50] . Figure 3 shows the settlement development in the three case studies from 1975 to 2014 with a concrete indication of the distribution of the built-up growth. According to our approach, the areas relevant for urban sprawl analysis were found in the analysis zones of the following: In Frankfurt am Main, (a) the inner-city area covering 66 km 2 , (b) the green belt area covering 98 km 2, and (c) the outer area covering 7173 km 2 . In London, the three analysis zones were defined as (a) the inner-city area of 1901 km 2 , (b) the green belt area of 5570 km 2 , and (c) the outer area of 13,742 km 2 . In Seoul, the three analysis zones were defined as (a) the inner-city area of 601 km 2 , (b) the green belt area of 1530 km 2 , and (c) the outer area of 10,256 km 2 . However, since development within settlements in the green belt areas has been generally restricted in the three case studies, we only calculated the urban sprawl indexes of (a) the inner-city area and, (c) the outer area respectively in each case study for comparison of the development trend. Table 1 provides an overview of the calculation results. In the European cities, we can see an increase in population in the inner-city areas by +27.4% and +35.0% for Frankfurt am Main and London, respectively. At the same time, built-up area coverage increases in the inner-city areas of these cities by +4.4% in Frankfurt am Main and +11.1% in London, leading to an overall increase of urban population density. This, in connection with stable dispersion values (+0.3%, +0.1%), led to decreasing sprawl values for the inner-city areas of both cities (Frankfurt am Main: −9.1%, London: −18.7%). However, the absolute values of urban sprawl for the inner-city Inner-city areas of London and Seoul include partial areas of neighboring municipalities. All parameters were derived from the GHSL dataset and therefore can vary from official statistical data. (PBA: percentage of built-up area, LUPp: land uptake per inhabitant, DIS: spatial dispersion of settlement patches, WUPp: Weighted Urban Proliferation based population without workplaces). (Data source: own calculation based on GHSL).
Results
In the European cities, we can see an increase in population in the inner-city areas by +27.4% and +35.0% for Frankfurt am Main and London, respectively. At the same time, built-up area coverage increases in the inner-city areas of these cities by +4.4% in Frankfurt am Main and +11.1% in London, leading to an overall increase of urban population density. This, in connection with stable dispersion values (+0.3%, +0.1%), led to decreasing sprawl values for the inner-city areas of both cities (Frankfurt am Main: −9.1%, London: −18.7%). However, the absolute values of urban sprawl for the inner-city areas in both cities are to be considered on a very high level with regard to the classification of sprawl values given in the EEA-Report [51] .
In contrast to these two European cities, in the inner-city area of Seoul, the built-up area coverage increased far more quickly at +25.5%, which is more than twice the rate of London. The population of the inner-city area increased by 1.48 million, corresponding to a relative growth of +18.3%. Accordingly, the land uptake by inhabitants in the inner-city area of Seoul increased, which led to a strong increase in the urban sprawl value (+196.7%) there. Nevertheless, in contrast to the European case studies, urban density in Seoul was much higher, and therefore the urban sprawl of the inner-city area is still to be considered as very low.
The general development of urban sprawl in the study areas can be seen in the diagrams in Figure 4 . It illustrated the slight decline in sprawl values for the Frankfurt and London inner-cities, with all other areas showing respective increases, particularly the outer area of Seoul.
The outer areas beyond the green belts of all three cities show similar development patterns. Built-up area coverage increased heavily from 1975 to 2015 in the surroundings of Frankfurt (+60.7%) and London (+63.4%) and with even much more intensity around Seoul (+305.5%). At the same time, a large increase in population was also observed, but with lower intensity (Frankfurt: +15.9%, London: +20.2%, Seoul: +203.7%). Compared to their respective inner-city areas, the dispersion beyond the green belt development barriers is increasing faster in the surrounding areas. For the Seoul outer area, the dispersion increased by +5.4%, whereas the increase of dispersion for the European cities was less pronounced (Frankfurt: +3.2%, London: +2.7%). Thus, all outer regions exhibit strong patterns of urban sprawl growth (Frankfurt: +102.6%, London: +120.4%) with the largest increases for Seoul (+5772.6%). However, despite this significant increase in sprawl, the absolute value of urban sprawl in the Seoul outer area was still to be considered as low with regard to the classification of sprawl values given in the EEA-Report [51] .
Inner-city areas of London and Seoul include partial areas of neighboring municipalities. All parameters were derived from the GHSL dataset and therefore can vary from official statistical data. (PBA: percentage of built-up area, LUPp: land uptake per inhabitant, DIS: spatial dispersion of settlement patches, WUPp: Weighted Urban Proliferation based population without workplaces). (Data source: own calculation based on GHSL).
The general development of urban sprawl in the study areas can be seen in the diagrams in Figure 4 . It illustrated the slight decline in sprawl values for the Frankfurt and London inner-cities, with all other areas showing respective increases, particularly the outer area of Seoul. The outer areas beyond the green belts of all three cities show similar development patterns. Built-up area coverage increased heavily from 1975 to 2015 in the surroundings of Frankfurt (+60.7%) and London (+63.4%) and with even much more intensity around Seoul (+305.5%). At the same time, a large increase in population was also observed, but with lower intensity (Frankfurt: +15.9%, London: +20.2%, Seoul: +203.7%). Compared to their respective inner-city areas, the dispersion The spider diagrams in Figure 5 illustrate the characteristics of the case studies with respect to their changes in urban sprawl and its associated metrics. The diagram on the left compares the inner-city areas, the diagram on the right compares the outer areas. The value for 2015 is plotted as a multiple of an initial value from 1975. While in both cases the graphs for Frankfurt and London are almost congruent, the graphs for Seoul differ significantly in both diagrams: ∆WUPp exhibits the already mentioned strong or extremely strong growth rates. These are especially pronounced for the outer areas of Seoul, caused by the extreme increase in the built-up area (∆PBA). Such high WUPp in Seoul can be closely attributed to the state government's policy since the 1970 s that has pursued intense economic growth by concentrating heavy industry facilities in large cities (notably Seoul), while allowing considerable land change that has induced unplanned development spreading out to periphery areas [52, 53] . beyond the green belt development barriers is increasing faster in the surrounding areas. For the Seoul outer area, the dispersion increased by +5.4%, whereas the increase of dispersion for the European cities was less pronounced (Frankfurt: +3.2%, London: +2.7%). Thus, all outer regions exhibit strong patterns of urban sprawl growth (Frankfurt: +102.6%, London: +120.4%) with the largest increases for Seoul (+5772.6%). However, despite this significant increase in sprawl, the absolute value of urban sprawl in the Seoul outer area was still to be considered as low with regard to the classification of sprawl values given in the EEA-Report [51] . The spider diagrams in Figure 5 illustrate the characteristics of the case studies with respect to their changes in urban sprawl and its associated metrics. The diagram on the left compares the innercity areas, the diagram on the right compares the outer areas. The value for 2015 is plotted as a multiple of an initial value from 1975. While in both cases the graphs for Frankfurt and London are almost congruent, the graphs for Seoul differ significantly in both diagrams: ∆WUPp exhibits the already mentioned strong or extremely strong growth rates. These are especially pronounced for the outer areas of Seoul, caused by the extreme increase in the built-up area (∆PBA). Such high WUPp in Seoul can be closely attributed to the state government's policy since the 1970 s that has pursued intense economic growth by concentrating heavy industry facilities in large cities (notably Seoul), while allowing considerable land change that has induced unplanned development spreading out to periphery areas [52, 53] . Figure 5 . Comparison of the development as percentage changes of urban sprawl and its metrics for the inner-city and outer areas of Frankfurt, London, and Seoul.
Conclusions
As a response to the main research questions raised in this paper, the following conclusions can be drawn from the comparative case studies in Frankfurt am Main, London, and Seoul. In Frankfurt am Main and London, although the population density within the inner-city areas has increased and resulted in a decreasing of resident-population based urban sprawl values, the absolute values of Figure 5 . Comparison of the development as percentage changes of urban sprawl and its metrics for the inner-city and outer areas of Frankfurt, London, and Seoul.
As a response to the main research questions raised in this paper, the following conclusions can be drawn from the comparative case studies in Frankfurt am Main, London, and Seoul. In Frankfurt am Main and London, although the population density within the inner-city areas has increased and resulted in a decreasing of resident-population based urban sprawl values, the absolute values of urban sprawl are still at a higher value, according to European classification given by the European Environment Agency [40] . Moreover, the resident-population based urban sprawl calculation indicated stronger urban sprawl patterns in the outer areas than in the inner-city areas in Frankfurt am Main and London. In the inner-city area of Seoul, due to the high absolute value of population growth, the urban sprawl rate has grown rapidly. However, owing to the very high population density, the absolute value of urban sprawl has remained at a very low level in the inner-city area. In comparison to the inner-city area, the outer area of Seoul has indicated a very significant resident-population based urban sprawl. According to the comparative analysis of the three case studies of differing city size and urban built-up and population increases from 1975 to 2014/2015, we draw the conclusion that there is no evidence to support the widely accepted claim that the strict implementation of green belts as urban growth management tools can prevent urban sprawl. In addition, the comparative study between Seoul and Frankfurt am Main and London shows that under the pressure of very high population growth, it is even more difficult to use the green belt as an urban management tool to control urban sprawl.
The research in this paper focuses only on the examination of the green belts' efficacy in preventing urban sprawl. Other contributions of green belts including ecological environmental purposes as well as in terms of recreation places for metropolitan residents have not been assessed. Certainly, further comparative studies on these aspects are required to provide an empirical evidence base for a holistic review of the impacts of the green belts. In addition, as MacKaye already addressed at the early stages of modern urban planning, the green belt has been used as an urban planning tool in many cases along with the satellite town strategy. Therefore, it is fundamental to take the green belt policy and the satellite town strategy together into consideration for impact assessment based on international comparative studies of real settings. In particular, in light of the ongoing discourses on green belt reform in Korea, we suggest comparing Seoul with other cities with comparable population growth pressures but without the implementation of green belt policy to obtain further evidence base for public discourse in Korea.
